Stock enhancement is used in Japan as a tool to help the replenishment of wild populations of red sea bream Pagrus major. In this study, we analyzed the genetic diversity and composition of wild red sea bream at seven locations around Shikoku Island, South-west Japan, using three microsatellite loci. This analysis was done to test the hypothesis that: (i) red sea bream comprises a single Mendelian population along Japan; and (ii) stock enhancement programs around Shikoku Island are causing genetic differentiation among wild stocks. The results indicated that some locations from the Shikoku area were not significantly different from the rest of Japan, supporting the hypothesis of a single Mendelian population. Significant departures from Hardy-Weinberg equilibrium and significant pairwise F ST among locations indicated genetic instability within this region. We suggest that the stock enhancement programs made in the region are the possible cause of this genetic instability. A management scheme for the hatcheries involved in the stock enhancement of red sea bream is presented.
INTRODUCTION
Red sea bream Pagrus major is one of the most important fishery species in Japan. Because of a steady decrease in its production, a stock enhancement program was started in the 1970s in several locations in Japan with the release of juveniles reared in governmental hatcheries.
Several authors have discussed the potential risks associated with stock enhancement practices. [1] [2] [3] Genetically, among the main concerns is the loss of genetic variability within and among populations, because the evolutionary potential that allows a group of populations to respond differently to environmental changes might be reduced. 2 This is especially the case when the genetic constitution of hatchery populations is totally different from that of wild populations (usually reduced genetic variation) as a result of inbreeding, selective breeding, or domestication. 4 The Food and Agriculture Organization of the United Nations (FAO) 5 has recommended the genetic characterization of both the stocking populations used in population enhancement programs and the target population, so any genetic change can be monitored.
In a previous study, Perez-Enriquez and Taniguchi 6 found the area of the Japan Sea, Southwest Japan, and East China Sea comprised a single Mendelian population, whereas Kochi on the Pacific coast was clustered as a different subpopulation. With the hypothesis that this location is actually not different from the rest of Japan but showing the effects of a release program, the present study was designed to make a more detailed analysis of the genetic composition of red sea bream population around Shikoku Island in South-west Japan.
Original Article
Genetic diversity of red sea bream Pagrus major in western Japan in relation to stock enhancement R PEREZ-ENRIQUEZ, 1 M TAKEMURA,  2 K TABATA   3 AND N TANIGUCHI 4, of microsatellite described by Takagi et al. 9 was applied to the samples from Kochi-95 and Kochi-96. The microsatellite DNA bands of the samples from Akinada, Hiuchinada, Kitankaikyo, Tanabewan and Uwakai were visualized using a chemiluminescent method described by Perez-Enriquez et al. 10 For this technique, 5¢-biotin-labeled reverse primers of each locus were ordered from the manufacturer (Greiner Japan Co. Ltd, Tokyo, Japan), and amplification and PCR conditions were the same as previously described. 9 The sequence ladder obtained from the pUC19 plasmid was used as a size marker, and was prepared with the CirumVent TM Phototope TM Kit (Cat. 7430; New England Biolabs, Beverly, USA). Because the priming site of the universal primer used for this size marker differed from that used in the radioisotope methods by 27 base pairs, scored alleles were corrected accordingly to achieve equivalent readings between samples analyzed by different methods.
After electrophoresis, the gel was affixed to a 3MMCHR Whatman filter paper. The DNA transfer, ultraviolet (UV) cross-link and detection were done using the protocol of the Phototope TM -Star Detection Kit (Cat. 7020; New England Biolabs). The DNA was transferred to a nylon membrane (Magna TM ; MSI, Westborough, USA), and cross-linked for 10 s in a 254 nm UVP transilluminator. The detection of the biotin-labeled DNA was done in an acrylic roller-drum device into which the membrane was introduced. Then, successive incubations with solutions containing streptavidin, biotin-alkaline phosphatase, and the chemiluminescent substrate (CDP-Star TM reagent, Cat. 7020; New England Figure 1 shows the locations where red sea bream samples were taken. Standard lengths were recorded and used for age estimations. 7 The fish from Kochi were specimens of age 0+ obtained from fish market landings in 1995 (89 fish) and 1996 (106 fish). Specimens from Akinada and Hiuchinada in 1996, Kitankaikyo and Tanabewan in 1995 (80 individuals each) were also age 0+, while those from Uwakai in 1996 (80 fish) were age 1+.
MATERIALS AND METHODS

Fish sample collections
DNA extraction and microsatellite analysis
The DNA of Kochi samples (hereafter called Kochi-95 and Kochi-96) was extracted using the conventional phenol-chloroform method. 6 The DNA samples from the Akinada, Hiuchinada, Kitankaikyo, Tanabewan and Uwakai specimens were the same as those used in the previous study by Tabata and Mizuta. 8 Three primers, Pma 1, Pma 3, and Pma 5 were screened following the annealing temperatures and polymerase chain reaction (PCR) cycles given by Takagi et al. 9 A fourth primer (Pma 4) was amplified for some locations (R. Perez Enriquez, unpubl. data), but it was not further used because of the presence of presumed null alleles in many individuals.
The radioisotope labeling method for detection
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R Perez-Enriquez et al. Biolabs) were made. Finally, the membrane was put into a plastic bag to avoid drying and the emitted light was detected by exposing an X-ray film to the membrane for 20-40 min.
Data analysis
Genetic diversity for each location was measured as the number of alleles per locus (A) and the observed (H o ) and expected (H e ) heterozygosity. The significance of departure from Hardy-Weinberg equilibrium (HWE) for each locus at each location was tested by Analysis of Molecular Variance () at the individual level, and by an Exact test (Markov chain procedure) using the Arlequin software vers. 1.1. 11 A population differentiation analysis was made among the samples by a hierarchical  with a significance level of 5% using Wright's fixation index (F ST ). 12 Acording to Slatkin 13 this statistic works well when average coalescence times are relatively small. An additional procedure to analyze the population structure was made using the Arlequin software 11 to test the significance of pairwise F ST by a random allelic permutation procedure. Data from other locations of Japan were pooled and used to test for genetic structure in a wider area. 6 Nei's genetic distance between locations was calculated using the  software.
14 Minor alleles were binned into groups and allele frequencies were bootstrapped 1000 times. The distance was chosen because, compared with other distances, it gives similar performance in constructing a topology of microsatellite data under the stepwise mutation model (SMM). 15  was also used for Neighbor-Joining and UPGMA dendrogram construction (NEIGHBOR program). A consensus dendrogram (CONSENSE program) was then constructed to estimate the confidence level of the tree obtained. Because higher bootstrap probabilities were obtained with UPGMA dendrograms, only they were considered for the genetic structure analysis. Trees were visualized using the TREEVIEW program. 16 
Genetic differentiation in relation to stock enhancement
Several prefectural hatcheries are running stock enhancement programs in the Shikoku area. The hatchery origin of individuals in samples can be confirmed by the presence of a nostril abnormality, or the detection of changes in morphology of the pectoral fin derived by finclipping before the release. 17, 18 In the present study, released fish were found in some of the samples, thus they were retrieved from the data to see whether or not they had some effect on the genetic structure analysis. The numbers of released fish detected in the samples were five in Akinada, eight in Hiuchinada, 20 in Tanabewan, and 16 in Uwakai.
RESULTS
Genetic variability
Levels of genetic variation, for mean heterozygosity and number of alleles per locus, were considered high in all the locations and similar among them (Table 1) . At the locus level, Pma 3 showed the highest number of alleles, and Pma 1 and Pma 5 had similar values between them. Despite this, the heterozygosity of Pma 5 was higher than Pma 1.
Departure from HWE was observed at several loci of the analyzed samples. According to the A M OVA at the individual level, significant departures (P < 0.05) from HWE at Pma 3 were observed in Kitankaikyo, Kochi-95, and Kochi-96. According to the Exact test (Markov chain procedure), significant departures from HWE were found at Hiuchinada (Pma 5), Kitankaikyo (Pma 3), Kochi-95 (Pma 3, Pma 5), Kochi-96 (Pma 1, Pma 3) and Uwakai (Pma 3). However, when the three loci were considered, the A M OVA at the individual level (in terms of the inbreeding coefficient F IS ) showed that only Kochi-95 (F IS = 0.069, P < 0.05), and Uwakai (F IS = 0.079, P < 0.007) departed from HWE.
Population genetic differentiation
From the allele frequency data, we note there are differences among several locations (Table 2) . Perhaps the most remarkable result is that Kochi-95 and Kochi-96 were significantly different. This difference was confirmed by the F ST analysis ( Table  3 ). The sample from Kochi-95 was also significantly different from the rest of the locations around Shikoku Island. After Kochi-95 was excluded from the data, a significant F ST = 0.0046 (P < 0.001) was obtained, indicating a genetic differentiation among the locations around Shikoku. The pairwise F ST values showed that there are no significant differences among Kochi-96, Hiuchinada and Uwakai (Tables 2, 3) . However, Akinada, located between Hiuchinada and Uwakai (Fig. 1) , was significantly different from Hiuchinada. The F ST values also showed that Tanabewan and Kitankaikyo were not only significantly different from each other but with most of the locations. However, none of tions. Tanabewan was similarly separated from the other locations around Shikoku. A relation between Tanabewan and Kochi-95 is apparent, but based on the F ST analysis, we believe they do not form a group.
Genetic differentiation in relation to stock enhancement
The results of the analysis after retrieving the data of the released fish found in some of the samples showed that the differences between Hiuchinada and Kitankaikyo and the pooled samples of the rest of Japan became significant (Table 3) . Also, the differences of Tanabewan, Kochi-96 and Uwakai became non-significant. This indicated a probable them showed a defined grouping pattern among locations.
In a previous study, the sample of Kochi-95 was shown to be significantly different from several locations composed of the Japan Sea, South-west Japan, and the East China Sea. The pooled data from two loci (Pma 3 and Pma 5) of these samples were used for a pairwise F ST analysis among the locations around Shikoku Island. The results showed that Kochi-96, Hiuchinada, and Akinada were not significantly different from the rest of Japan (Table 3) . However, Uwakai showed significant differences from the pooled data.
The UPGMA dendrogram of Nei's genetic distance showed some interesting results (Fig. 2) . Similar to the pairwise F ST data, Kitankaikyo was clustered and separated from the rest of the loca-
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R Perez-Enriquez et al. Above the matrix, full data; below the matrix, released fish data retrieved. * P < 0.05; ** P < 0.01; *** P < 0.001; * m marginal difference. ns Not significant.
To explain the departures from HWE observed here, we suggest that admixture of populations has taken place (i.e. Wahlund effect 12 ). This is because several locations around Shikoku Island showed significant differences between locations. Genetic differences between areas close to one another have been found in European sea bass and Pacific herring. 20, 21 These authors suggest that when a genetic structure is found in nearby locations, a repeated sampling over years to detect cohorts might be appropriate to verify that structure. We also suggest that the sampling of adults might reduce the effect of random genetic drift.
Both F ST and genetic distance analyses showed that the genetic composition of some samples, especially Tanabewan and Hiuchinada, clearly changed when the released fish were retrieved. Interestingly, Tabata and Mizuta 8 using mitochondrial DNA (mtDNA) also found some influence of released fish within the same region. Thus if the significant differences between locations are a consequence of the release programs made in several prefectures of the island, it probably means that red sea bream from the Shikoku region are part of a large panmictic population distributed along the Japan Sea, South-west Japan and the East China Sea as suggested by Taniguchi and Sugama. 23 A desirable characteristic of a stock enhancement program is to release genetically similar fish to the wild population. 5, 24 For red sea bream, even though the broodstock of a hatchery in Kochi Prefecture is genetically similar to the wild population, the progeny produced for release showed a different genetic composition, which was attributed to the reduced effective number of contributing parents. 25 Tessier et al. 26 have suggested for Atlantic salmon that the significant changes in allele frequencies between wild populations and hatcheryreared fish used for release are caused by genetic perturbations related to management practices. The loss of alleles is in fact more important than the change in allele frequencies, because the latter can be changed again by random drift, but there is no way to recover a lost allele. 4 For the proper management of stock enhancement programs, genetic monitoring for structure and diversity has to be considered in addition to grouping pattern that included Hiuchinada, Kochi-96, Uwakai, and Tanabewan into one group, separated from both Akinada and Kitankaikyo, as a result of the hierarchical  (Table 4 ). The UPGMA dendrogram of genetic distance (Fig. 2 ) also showed that when the released fish were retrieved from the samples, the grouping pattern was different. Then, Tanabewan becomes grouped near Kochi-96. In contrast to the results of the F ST analysis, Hiuchinada, before placed near Kochi-96, now formed a group with Kitankaikyo.
DISCUSSION
The levels of genetic diversity were similar to other fish species [19] [20] [21] but were slightly lower than those observed for red sea bream in other locations of Japan and East China Sea, 6 probably indicating a smaller population size.
Some authors [20] [21] [22] have suggested that the presence of null alleles in microsatellites, which fail to amplify because of mutations in the priming region, is a plausible explanation for departures from HWE. However, for red sea bream in several wild locations, 6 none recorded a departure from HWE at the three loci used in this study.
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For red sea bream, we propose a management scheme that includes the genetic component (Fig. 3) . First, samples from the wild population should be taken and analyzed with genetic markers (e.g. microsatellite DNA). At the same time, before the fish to be used as broodstock are introduced to the hatchery they should be tagged with data recorded on date of entrance, age, sex, microsatellite profile and place of origin. Then the usual process of reproduction, collection of eggs, and offspring rearing should be done. A sample of the hatchery-reared fish should then be taken for genetic analysis. The microsatellite profile will be useful to quantify the actual number of reproducing parents, the effective population size (N e ), the inbreeding rate and the genetic composition of the stock for release. 25, 27 This information, in addition to ecological (effective population size of wild population, carrying capacity), economic (cost-benefit), and fishery (proportion of released fish in market landings in previous seasons) factors will be useful to evaluate the feasibility of the enhancement program to obtain good returns and to maintain the genetic diversity of the wild population. 3 The data will also be useful to improve the management of the hatchery for the following season. Genetically, these improvements may include the collection of fertilized eggs on several days during the spawning season, the decrease of variance in family size, the partial change of the broodstock and changes in releasing intensity. Evidently, any change in strategy should be properly recorded.
In summary, it appears that red sea bream comprise a large single panmictic population in South-western Japan, with some level of genetic differentiation in the Seto Inland Sea influenced by the stock enhancement programs done in the region. For the adequate planning of the release programs of red sea bream, periodic genetic evaluations of broodstock, progeny and target populations are necessary, not only in the Shikoku region, but in other prefectures of Japan as well. 
